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INVESTIGATIDN OF THE.. CHARACTERISTICS :
© . OF & HIGH ASPECT-BATIO WING IN THE
LANGLEY B-FOOT HIGH SPEED TUNNEL
o cL By Richard T. Whitcomb-'-f' f' _ o

‘JSUMMARXH'

S An investigation of the characteristics of 'a wing
with an aspect ratio of 9.0 and an NACA 65-210 airfoil :
section has been made at Mach numbers up to 0.925. " Ths.
wing tested has a taper ratio of 2.5:1.0, no twist,
dihedral, or' sweepback,’ and 20-percent- chord 37 5= percent-
semlispan plain ailerons. The results showed -that seriouys
changes in the normal-force characteristics ocecurred when
the “Mach number. .was increased sbove 0. g at angles of .
attack between I;°: and 10° and above 0.80 at 0° angle of
attack., Becauseiof small outboard shifts in the lateral
center of load the bending moment at the root for condi-
tions corresponding to a 3g pull-out at an altitude of
35,000 feet increased by approximately 5 percent when the
Mach number was increased from 0.77 to 0.90. When the
Mach number was increased beyond 0.83 the negative pitching
moments for the high anglés of attack increased, whereas
those for the low angles of attack decreased with a
resulting large increase- in the negative slope of the.
pitching-moment curves. A large increase. occurred in the
values of the drag coefficlients for the range of 1lift
coefficlents needed for level flight at an altitude of-
35,000 feet when the Mach number was increased beyond a .
value of 0.80. The wakes at a station 2.82 root chords
behind the wing quarter-chord line extended approximately
a chord abové' the wing chord line for the angles of attack
required to recover from high-speed dives at high Mach-
numbers.

INTRODUCTION

The recent development of turbine-jet units of

relatively high thrust ﬁ%%?&h&s made possible the
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consideration of Jet-propelled ailrplanes with meximum
speeds greater than 500 miles per hour. TUntlil the present
time, however, very little informatlon has been available
on the aerodynamic characteristics of the component parts
of an airplane designed to operate at these high speeds.
In order to. design such a high-speed airplane properly,
more information about these characteristics at high and
low speeds was needed. The NACA has undertaken a broad
research program to supply this additional information.

In conJunction with thls program a serlies of tests have

been made on a high-~aspect-ratio wing in the Langley 8-foot

high-speed tunnel in order to determine the effects of
compressibility on the characteristics of such a wing at
Mach numbers approaching unity. Included in the series
of tests were investigations of the basic wing character-
istics, alleron characteristics, effects of dive brakes
and a dive-recovery flap, and downwash fluctuations, The
results of the first investigation are presented herein,
The results of the other investigations are presented in
references 1, 2, and %, respectively. --

The results presented herein include the normal-force,

span-loading, pitching-moment, drag, and wake-width data

for the wing alone wlth undeflected straight-sided allerons.

Data for Mach numbers up to 0.925 are presented.

an

ol

SYMBOLS

Symbols ére.defined as follows:

speed of sound in undisﬁurbed stream, feet per second
slépe of;normé14force curve | (de/da),. pe# degree
span pf model, feet (5;15)..

-

effective area of tunnel cross section, square feet

(L9 .5) o
lift coefficlent
section chord of model, feet

average model eﬁord,ifeet‘(o.§5)
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c!

AH

mean aerodynamic chord (M.A.C.), feet (0.37)
loss of total pressure in wake

1lift on model, pounds

Mach number (V/a)

pitching moment about 25-percent-chord line

static pressure in undisturbed stream, pounds per
gsquare foot

local static pressure at a point on airfoll sec-
tion, pounds per square foot

PpP-D
pressure coefficient <——-—o-\

T/

dynamic pressure, pounds per square foot (:%pv%)

. area of model, square feet (1.10)

veloclty in undisturbed stream, feet per second

distance along chord from leading edge of section,
feet

distance along semispan from wing center line,
feet

distance from root section to center of 1lift, feet
angle of attack, degrees
ratio of specific heats

mass denslty in undisturbed stream, slugs per
cubic foot

Subscripts:

cr

L
U

. critical

lower surface of airfoil section

upper surface of airfoil section
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The coefficlients are defined as follows:

Cn

Cmc/)_l_

2y'/b

section normal-force coeffiqient

Ye
cn=%L(PL-PU)dx
b .

section pitching-moment coeffliclent about
25-percent-chord station

cm____lé IC(PU_PL)( —ﬁ)dx

w0
wing normal-force coefficient
b/2

A
C = = I OOn___ ﬁy
Jo

0N
!

wing pltching-moment coefflcient gbout 25-percent-
chord station

1b/2
2 2
Jo .
bending-moment coefficient for root sectlon

/2

Cp = gg cpey 4y
0

lateral position of center of load

2y'._CB
o o .
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CBgo . bending-moment coefficient for 60-percent-
semispan station

O'5b
CBéO = = cen(y - 0.3b) dy
40 .3b
CBéO/CN design index for bending moments at 60-percent
semispan station
CDy wing profile-drag coefficient
Cpy wing induced-drag coefficient

Cp; = 0.036C12

Cp wing total-drag coefficient

Cp = Cpg + Cpy
APPARATUS

The Langley 8-foot high-speed tunnel, in which the
tests were conducted, is of the single-return, closed-
throat type. The Mach number at the throat is continuously
controllable, The air-stream turbulence In the tunnel
is small but sliightly higher than in free air.

The wing tested has an NACA 65-210 airfoil section,
an aspect ratio of 9.0, a taper ratio of 2.5:1.0, no
sweepback, twist, or dihedral, a tip having ordinates
given 1n table I, and a 20-percent-chord, 37.5-percent-
semispan plain aileron that extends from the 60-percent-
semispan station to the end of the straight part of the
trailing edge. The wing, as tested, is shown in figure 1.
The effective span of the model is 37.8 inches, the root
chord is 6 inches, and the tip chord is 2.l inches. Other
dimensions are given in figure 2. The ordinates of the
NACA 65-210 airfoil used for the inboard sections are

resented in table II. PFor the sections outboard of the
O-percent-span station, the ordinates ahead of the
80-percent-chord station are the same as those given in
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table IT but from 80-percent chord to the irailing edge.
the contours of these sections are straight lines. The

wing was machined from medium hard brass. The allerons

were machined from steel and are attached to the wing by
small hinges. :

Twenty static-pressure orifices were placed at each
of elght stations along the wing span, The approximate
chordwise locatlons of these orirfices at each station are
shown 1in figures presenting pressure-distribution data.
The spanwise locations of the stations are 11, 20, 30,

Lz, 56, 6l, 80, and 95 percent of the semispan. The four
inboard statlons were placed on the left half of the wing
and the four outboard stations were placed on the right
half,

The model was supported in the tunnel by means of a
vertical steel plate as shown in figure 1(b). The plate
was designed to have zero veloclty gradients in the direc-
tion of the stream and to produce minimum variations in
velocity along the span near the test region at the Mach
numbers scheduled. The profile of the plate is a modified
ellipse, the ordinates for which are presented in table III
and the dimensions and construction detalls of the plate
are shown In figure 3. The angle of attack of the model
was changed during the test by the mechanlsm shown in
figure 3., The steel pressure tubes 1n the model were
connected to tubes that passed through the hollow part
of the plate and were connected to multiple-tube manometers.
Wake surveys were made by a rake, which has L2 total-
pressure tubes and 7 static- -pressure tubes, placed behind
the model as shown in figures 1(c) and 3. The vertical
spacing of the total-pressure tubes varies from 0.l inch
at the center of the rake to 2 inches at the tips of the
rake. The rake 1s supported in the tunnel by means of &
horizontal strut, the leading edge of which is approxi-
mately 5 inches behind the trailing edge of the vertical
support plate.

METHODS AND PROCEDURES

Support System

The use of a vertical steel plate as the support of
the modsl was chosen for the following reasons:

AR .
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(1) The large, unknown interference effects produced
at high Mach numbers by struts of the usual type wers
completely eliminated.

(2) Inasmuch as the plate effectively produced a new
test section, the frontal area of the model was the only
factor contributing to choking of the air stream. The
highest possible choking Mach number that could be obtained
in an 8-foot circular tunnel with a model of the size
tested was therefore realized.

(3) The necessity of having a portion of the model
enveloped by & relatively thick boundsry laysr, as would
be the case 1f a semispan modsel had been supported at the
tunnel wall, was avolded. '

(l}) The symmetrical installation eliminated the
possibility of unsymmetrical choking or of cross flows,
such as would be expected if a semispan model, mounted
from the tunnel wall or from a reflectlion plate near the
wall, were employed.

Calibration Tests

A series of calibratlion tests of the tunnel alr stream
were made with the support plate installed bothh with and
without the wake-survey-rake support strut installed.
Statlc pressures were determined at 30 points on the plate
and st 36 points on the tunnel wall at Mach numbers up
to 0.95 with and without the model in place. The calibra-
tion tests with the model were made for angles of attack
of 0°, 4O, and 9° and a series of tests were also made to
cdetermine the statlic pressures and the angles of flow at
the model position. A combination of a callbrated static
head and a yaw head mounted on the wake-survey-rake
support strut was used for these tests.,

A comparison of the static pressures mesasured on the
surfaces of the plate and walls and by the static-pressure
tube indicates that the Mach number and dynamic-pressure
variations in the alr stream in the region of the model
are small. The variations in these values at the surfaces
of the plate in the direction of the alr stream are less
than 0.2 percent through distances of 1 foot from the model
position at all Mach numbers up to 0.90. The vertical
varlations are less than 0.2 percent through distances
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of 2 feet from the model position. The spanwise varia-
tlions are -less than 1.0 percent through & distance of -

20 inchos from the plate and 2.5 percent from the plate
to the wall at Mach numbers up to 0.90. The dynsmic
pressures used to obtain the coefflcients were determined
from averages of the pressures measured near the model
position. . L T

The angularity of the stream flow in a horizontal |
plane has been found to be less thap 0.1°, this value -
being the limit of the accuracy of the calibrating ' '
instrument.

Limiting Test Mach Numbers s —

The tunnel choked at the support plate at a Mach
number of 1.0 without the model in-place. The tunnel
choked at the model at an uncorrected Mach number of 0.95
with the support plate and model in place. Numerous tests
have indicated that the data obtained in & wind tunnel
when choking occurs at the model are not applicable %o o -
the prediction of wing characteristics for free air _

(reference L.). The data obtained at the choking Mach ' .
number of 0.95, therefore, have not been presented. - B .

Static-pressure measurements made on the tunnel wall
and model support plate at an uncorrected Mach number
of 0.925 indicate that there 1s a perceptible tendency
toward choking at the plane of the model at this Mach
number. The results obtalned at this Mach number, even
1f completely corrected for the usual effects of tunnel-
wall interference, may not, therefore, indicate the flight
characteristics. - The general trends, however, are believed
to be illustrated by the results obtained gt this Mach
number, - o

With the support strut for the wake-survey rake in
place the tunnel choked at this strut when the uncorrected
Mach number at the plane of the model was 0.882, As
the wake-survey strut in place. The results of this test
show that no invalidating choking effects occur at the
plans of the model when the tunnel chokes at the survey
strut. Choking at the survey strut simply imposes a F—
limitation on the maximum test Mach number instead of
affecting the applicability of the:results. The data on

ARIBTRL
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the model'. with the wakeé- survey strut in ‘place can thus
be assuhed’ o be -torrect up to the 'choking Mach number
of the: wake- Survey strut and data up to this Mach number
have been presented.

' Tests

All normal-force and piltching-moment data were
obtained from pressure-distribution.measurements and ‘all
drag data.were.ebbalned from wake. surveys. -Thé pressure
and wake'measurements were made during separate test runs.,
Pressure-distribution measurements were made at the
following uncorrected Mach numbers and angles of attack:
for Mach numbers of 0.400, 0.600, O. 760 0.800, 0. 825,
and 0.850 at angles of attack of -2°, 00 2° hP
and 10°; for Mach numbers of. 0. 900 and-0. 925, at angles
of attack of 0°, 20, 49, and 7°: -The pressures at the
160 orifices in the wing were recorded simultaneously by
pho tographing the multiple-tube manometers.

Wake-survey measurements were made at six spanwise
stations 1.40 root chords behind the 25-percent-chord
line of the wing. These stations were 20, LO, 60, 80,
95, and 102 percent.of: the wing semispan from the wing
support plate. These measurements were made for uncor-
rected Mach numbers of 0.400, 0.600, O. 72g 0. 760 0.800
0.850, and 0.8€3 at sngles.of-attack of O L6 ana 79.
In order to obtain Wake width measurements at a typical
tail location, wake ‘surveys were made at a station
2.82 root chords behind the 25-percent-chord line of the
wing and 0.265 semispan from ‘the plate.

Corrections for Tunnel—Wall Interference
Calculations using .the methods-of references 5 to 8
have been made to estimate the-magnitude of the effect of
tunnel-wall intérferencs on the Mach number, the dynamilc
pressure, and the normal force, pltching moment, and drag.
Three types of interference have been considered:
(1) Model constriction
(2).Wake'conStriction

(3) Lift vortex interference
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The basic formulas employed to determine the effects of
solid blockage and lift vortex interference are taken
from reference 5. The formulas for wake constriction
have been developed from reference 6. Most of the cor-
rections for effects of conmpressiblility . are from ref-
erence 7, and further corrections for these effects came
from reference 8. The following expressions were useds
For the effects of model and wake cdnstriction,

o e
AV 0.0515 / 02 ay + (1 + 0.hu2) opS
"uC(l - 1,4[2)3/2

_—

Z
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ang
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Ag AV ) 2‘.:: -
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For'thé'effbb%s”ér'1if§*Vthekﬂ;nterferan@e;_ o

e . e - Lc .
ACL e ARSI FE . :
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m =

0.5981‘!‘(15 + )_‘_Mc/h_)
q05/2 V1 - w2

i

AQ

The magnitudes of the corrections obtained by the
use of these expressions have been found to be very small
even at test Mach numbers np to and: including 0,90. ‘At
this Mach number, the corrections to the Mach number vary
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from 0.4 percent at an angle of attack of 0° to 1 percent
at 109, The corrections to the coefficients for the 1lift
vortex interference are even smaller., The corrections,
the greater part of which arise from wake constriction,
have been applied to all data obtained at test Mach numbers
up to and including 0.90. The results obtained by the use
of the aforementioned expresasion for the wake-constriction
corrections have been compared with wake-constriction
corrections determined by use of static pressures measured
«t the tunnel wall and the results of the two methods have
been found to be substantially in agreement at test Mach
numbers up to and including 0.90. It may be assumed,
therefore, that no significant errors exist in the results
for these Mach numbers as a consequence of tunnel-wall
interferencs.

Corrections obtained by the indicated expressions
for data obtalned at a Mach number of 0.925 are much
larger than the corrections for the lower Mach numbers;
the corrections to the Mach numbers amount to as much as
2.5 percent, whereas those to the coefficients amount to
3.0 percent. Because cf the close proximity of this Mach
number to choke and to the speed of sound, these correc-
tions are possibly unreliable. HNo corrections have been
applied to the results obtained at this Mach number.

Corrections for Model Inasccuracises

During the construction of the model a washout of 0.3°
developed in the right half of. the wing. In addition, the
wing was 1lnadvertently tested with approximately a 0.3%°
negative aileron angle. The effects of these inaccuracies
were indicated by the results of the tests made at an angle
of attack of -29, which is very close to the zero-1lift
condlition at low Mach numbers. The distributions for
this angle at low Mach numbers were not zero across the
span but showed a slightly negative normal force at the
tip. All the span load distributions have been corrected
for these inaccuracies by the use of cross plots of sec-
tion normal-force coefficient against angle of attack.

The moment coefficients have also been similarly cor-
rected.

Because of its relatively great torsionasl stiffness,
the twist of the model due to air loads was small at all
Mach numbers; calculations indicate that the twist was
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less than 0,05° for all conditions. No corrections have
been made for the effect of this twist.

RESULTS
Effects of Reynolds Number

The Reynolds numbers obtalned during the tests varied
from 900,000 at a Mach number of 0.,00 to 1,100,000 at a
Mach number of 0.907. These values are considerably lower
than those for an alrplane wing in flight. —An indication
of the effects of such a difference in Reyndlds number on
the characteristics of the NACA 65-210 airfoill section
with and without ailerons may be obtained by referring
to the two-dimensional data obtalned for this section at
various Reynolds numbers in the Langley two-dimensional
low-turbulence pressure tunnel (references 9 and 10).
The effects of Reynolds number variations &t supercritical
Mach numbers have not been fully establlshed; however, the
results of tests made on alrfolls at supercritical Mach
numbers for various Reynolds numbers (reference 11l) indi-
cate that at these Mach numbers the effects of variations
in the Reynolds number are of secondary importance in
comparison with the predominating effects of compressi-
bility. “ -

Pressure-Distribution Measurements

In order to illustrate the changes in the chordwise
pressure distributions caused by compressibllity effects,
representative pressure distributions for the 30-percent-
semlspan station are presented in figure Iy and similar
data for the 95-percent-semispan station are shown in
figure 5. The chordwise pressure-distribution diagrems
for all the spanwise stations have been integrated to
determine section normal-force coefficients and pltchlng-
moment coefficlents. These coefficlents have been used
to determine the spanwise variations in section loadings
and moments., The spanwise variations in séction loadings
are presented in figure 6. The spanwise-load distribu-
tions have been integrated to determine the total normal
forces and the moments of these forces about the root
chord. The variations of the normal-force coefficient
with Mach number and angle of attack are presented in
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figures 7 and 8, respectively. Because the accuracy of
the results obtained at & Mach number of 0,925 is affected
to an unknown extent by choking tendencies and tunnel-wall
interference, all curves obtained by the use of these
results are shown as broken lines. (See fig. T.)

The slopes of the normal-force curves measured at
values of the normal-force coefficient correspondling to a
wing loading of 60 pounds per square foot at an altitude
of 35,000 feet are presented in flgure 9 as a funchion of
Mach number. The lateral positions of the centers of the
load on the wing in terms of the semispan are presented
in figure 10. These values were obtained by dividing the
values of the bending-moment cgefficient by the corre-
sponding values of normal-force coefficient. The lateral
centers of load on the wing in terms of the semlspan have
been determined for an approximate 3g dive recovery and
were obtained for the various Mach numbers at the angles
of attack corresponding to a wing loading of 180 pounds
per square foot at an altitude of 35,000 feet.(3ee fig. 11.)
The critical stresses may not occur at the root but at
some outboard station. To illustrate the changes in the
bending moments that occur at the outboard stations, the
bending-moment coefficients about the 60-percent-semispan
station were computed by obtaining moments of the areas
of the section-loading diagrams from the 60- to the
100-percent-semispan stations and dividing the moments
thus obtained by the total area of the wing. The results
were divided by the corresponding normal-force coeffil-
cients for the complete wing to obtain design indices for
the bending momwents at the 60-percent-semispan station.
Values of these indices are nresented in figure 12. "The
variation of section normal-force coefficients for the
%20- and 95-percent-semispan stations with Mach number at
angles of attack of 0° and Ij° is presented in figure 13.

FPor all angles of attack and Mach numbers, the span-
wise variations in section moment factor are presented
in figure 1l;. The wing pitching-moment coefficients based
on the mean aerodynamic chord have also been determined.
The variations of these coefficients with Mach number for
various values of angle of attack are presented in
figure 15. The pltching-moment coefficient is plotted
against normal-force coefficient for various values of
Mach number in figure 16.
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In all figures that include data for several angles
of attack at a given Mach number (figs. L, 5, 6, 8, 1,
16, 18, 20, and 21), the average vdlues of the corrected
Mach numbers for the several angles of attack are listed.
The actual values of the corrected Mach numbers for the
various angles of attack vary by less than 0.003 from thils
average at a Mach number of 0,907. - :

Wake-Survey Measurements

The total-pressure and statlc~pressure measurements
made during the wake surveys at the six spanwise stations
have been reduced to,total wing profile-drag coefficlents
by use of the expressions presented in reference 12. The
regults are presented in figures 17 and 18.

The profile-drag coefficlents at normal-force coef-
ficients corresponding to wing loadings of 60 and -
80 pounds per square foot at an altitude of 35,000 feet
for the various Mach numbers have been determined. The
Induced~drag coefficients for the same normal-force coef-~
ficients have been computed. The varliatlons of the total-
drag coefficients with Mach number for the two wing &
loadings are presented in figure 19, For a wing loading :
of 60 pounds per square foot the induced-drag coefficlent
is 0.008% at a Mach number of 0.600 and 0,0017 at a Mach
number of 0.890. For a wing loading of 80 pounds per
square foot the induced drag coefficlent is 0.0147 at a
Mach number of 0.600 and 0.0031 at a Mach number of 0.890.

The vertical variations of AH/q at a typical
horizontal-tail location, a station 2.82 root chords
behind the 25-percent-chord line and 0.265 semispan from
the plate are presented in figure 20, Part of the wake-
survey results obtained 1.0 root chords béhind the
25-percent-chord line of the [j0-percent-semispan station
are presented in figure 21 to show the rate of the
vertical spread of the wing wake with distance from the
wing trailing edge. All wake dimensions arfe given in
terms of the chords behind which the measurements were _
made ., . . -
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DISCUSSION

Normal-Force Characteristics

No erratic changes in the normal-force characteristics

are caused by compressibility effects at Mach numbers

below the point of force break, which varies from a Mach
number of about 0.7l at angles of attack between LO and
and 10° to about 0.80 at 09 angle of attack. Beyond this
Mach number, the normal force for a given angle of attack
decreases rapidly (fig. 7). As a result there 1is an
increase in the angle of zero 1lift and a decrease in the
slope of the normal-force curve as shown in figure 9,

At angles of attack near the design condition, the
changes in the normal-force characteristics occur at Mach
numbers that are approximately 0.06 or 0.07 above the
critical values, that is, the Mach numbers at which the
local speells of sound are exceeded at some point on the
wing (fig. 7). At the angles of attack at which a nega-
tive pressure peak exists near the leading edge, however,
the changes in the normal-force characteristics occur at
Mach numbers 0.08 to 0.25 greater than the critical
values, The Mach numbers at which the break in the
normal-force coefficlents occurs at the various angles
of attack agree quite closely with the unpublished results
obtained during tests of a two-dimensional NACA 65-210
airfoil section at Reynolds numbers approximately the
same as those of the present tests in the Ames 1- by 5%-foot

high-speed tunnel., This agreement indlcates that the
three-~dimensional relieving effect, described in refer-
ence 13, was limited to the tip sections of the wing
tested and the effect of this relief on the over-all char-
acteristics is therefore negligible.

The data obtained at a Mach number of 0.925 indicate
sharp increases in the normal-force coefficlents for all
angles of attack when the Mach number is increased beyond
a value of 0.907. Results obtained in an open-throat
tunnel where choking effects were considerably different
from those present during these tests indicate similar
increases for other alrfoil sections in the same range
of Mach numbers (reference 11).
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The changes occurring above the points of force break
will produce severe effects on the trim and stabllity
characteristlcs of an alrplane with the wing tested.

Span Loadlngs ~

The spanwlse load distributions measured for low Mach
numbers are nearly the same as those predicted by use of
the charts presented in reference 1lh. (See fig. 6(a).)
Flgure 10 indicates that at angles of attack of 2°, [°,
79, and 10° the lateral centers of load move outboard
when the Mach number is increased from about 0.77 to 0.90.
When the Mach number 1s increased beyond. 0.90, the center
of load moves inboard. At a Mach number of 0.925, the
center of load 1s approximately at the same position as
it 1s at a Mach number of 0.80. "~ el o

Flgure 11 indicates that, as a result of the general
outboard shift in the load, the beading moment produced
at the root of the wing with a loading of the magnitude
that would occur during a rapld recovery from a dive
(approx. 3g at an altitude of 35,000 ft) is increased by
5 percent when the Mach number 1s increassed from 0.77
to 0.90. This increase produces bending moments that are
only 2.5 percent greater than thosé predicted by the
charts of reference 1. A comparison of figure 10 and
figure 12 1indicates that for a given change in Mach number
the bending moments at the 60-percent-semispan station
increase more rapldly than do those at the root sectlon.
If the maximum stresses in the wing structure occur at
this station, this fact must be consldered.

At the lower angles of attack corresponding to level-
flight conditions, the outbosrd movements of the lateral
center of load are relatively large. Inasmuch as the
stresses that occur at these angles of attack are not
critical, such outboard shifts do pot alter the structural
‘requirements of a wing. These shifts would produce .
considerable changes in the downwdash at the tail for =
glven lift coefflclent, however, and thus would cause
changes in the trim and stabllity characterilistics of an
airplane in addition to the changes in these character-
1stics produced by the reductions-in 1ift coefficlents

and the changes in pitching-moment coefficlents.




Pl tching-Moment Characteristics

Extremely large and, 1n some cases, erratic changes
occur in the pltching moments when the Mach number 1is
increased beyond the point of force break as indicated
in figure 15. Iarge lncreases occur in the negative
pitching moments for all angles of attack when the Mach
number is increased to 0.83. At this Mach number the
negative pitching-moment coefficients for the angles of
attack corresponding to design 1ift coefficlents are more
negative, When the Mach number is increased beyond 0.83,
the negative pitching-moment coefficlents for the high
angles of attack continue to increase, whereas those for
the low angles decrease. At & Mach number of 0.907 the
pitching-moment coefficient for an angle of attack of 7°
1s -0.117, whereas that for an angle of attack of 2°
is 0.012. Figure 16 indicates that there are only slight
differences 1n the pitching-moment cosefficients about the
25-percent-chord line at Mach numbers up to about 0.76.

At Mach numbers greatser than 0.76 the slope of the pitching-
moment curve becomes negative. When the Mach number is
increased beyond 0.83%, the negative slope of the pitching-
momeént curve increases rapidly and this change produces

a large intrease in the stability of the airplane. The

data obtained at a Mach number of 0.925 indicate sharp
increases in the negative pitching moments for all angles

of attack when the Mach number is increased beyond a value
of 0.90 (fig. 15).

The neutral axis of most wing structures passes
through points near the lj0-percent-chord stations of the
wing sections. The maximum measured twlsting moment
about this lj0-percent-chord axis occurs at a Mach number
of 0.600 for an angle of attack of 7°. The changes in
the twist due to the variations in the pitching moments
will further change the distributions of 1ift on a wing
with resulting changes in the trim and stability charac-~
teristics of an airplane.

Drag Characteristics

The drag coefficient for a gliven angle of attack
remains essentially unchanged when the Mach number 1is
increased up to the critical value (fig. 17). At angles
of attack near the design condition the drag starts to
rise when the critical Mach number is reached and rises
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abruptly at a Mach number about 0.06 greater than the
critical value (fig. 17). At an angle of attack of 0°
the critical Mach number is approximately 0.7l; the drag
coeftficient starts to rise at about the same Mach number
and rises abruptly at a Mach number of approximately 0.80.
The data are insufficient to define exactly the Mach
numbers at which the drag rises at higher angles of
attack. A rough interpolation of the data obtained at
these angles of attack indicates, however, that the drag
does not start to rise until the critical Mach number is
exceeded by at least 0.08 and the drag does fiot rise
abruptly until the critical Mach number 1s exceeded by
at least 0.12,

Figure 19 indicates that for a level-flight wing
loading of 60 pounds per square foot at an altitude of
35,000 feet the drag rises abruptly when the Mach number
is increased beyond a value of 0,80. An increase in the
wing losding from 60 to B0 pounds per square foot does
not change the Mach number at which the drag rise occurs
by an appreclable amount. A comparison of the data for
the two wing loadings indicates that, even for the super-
critical Mach numbers, the increase in drag coefficient
produced by increasing the wing loading is less than the
resulting decrease in ares. The drag for a gilven 1ift
would therefore be smaller for the higher wing loading.

The results indlcate that an alrplane with a wing
similar to the one tested cannot fly at Mach numbers
greater than about 0.80 without a considerable margin of
power sbove the value calculated to be needed at thls
Mach number by use of low-speed drag coefficlents. In-
order to obtain level-flight Mach numbers appreclably
greater than 0.80 without the use of excessively high
amounts of power, the wing design must be changed
radically. Until the present time the usual method of
increasing the Mach number at which the rapid rise in
drag coefficient occurs has been to change the wing
section, in particular, the section thickness ratio. A
reduction in the thickness of a wing with a plan form
similar to that of the model tested to a value less than
10 percent would result in only a relatively small
increase in the Mach numbers at which the rapid rise in
drag coefficlent occurs and would &t the same time result
in serious structural difficulties-and, a8 shown 1n refer-
ence 10, in a large decrease in the maximum 1ift coeffi-
clent of the wing. The results presented herein indlcate,
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consequently, that a Mach number of 0.80 is the practical
maximum that can be obtained with a wing having a conven-
tional high-aspect-ratio plan form without the use of
excessive amounts of power.

The data presented in reference 13 indicate that the
Mach number at which the arag rise occurs on a wing with
a given airfoill section can be increased by a considerabls
margin by decreasing the aspect ratio. A reduction in
aspect ratio obvious.y also permits & higher structural
efficiency if the same sections are used or it allows the
use of thinner sections for a given structural efficiency.
The use of a thinner section would result in a further
increase in the Mach number at which the rise in the drag
coefficisnt occurs. References 15, 16, and 17 indicate
that the use of sweepback or sweepforward also delays the
Mach number at which the drag rise occurs by large incre-
ments. The use of lower aspect ratios, sweepback, or
sweepforward therefore offers possibilities for efficiently
attaining flight Mach numbers greater than 0.80.

Section Characteristics

The chordwise pressure distributions measured for
spanwise stations of 11-, 20-, 30-, j3-, 56, 6l;-, and 80-percent
semispan are simllar at «ll test conditions up to those
at which the wing begins to stall. The pressures obtalned
at the 30-percent-semispan station are presented as typical
of the distributions obtained at these seven stutlons
(fig. l}). When the Mach number is increased up to the
critical value, the pressure coefficients for the various
angles of attack increase at rates that are nearly equal
to those predicted by the Glausrt-Prandtl approximation.

When the Mach number is incrseased beyond the critical
value at a given positivs angle of attack, the pressures
nsar the leading edge of the upnper surface become more
positive and the vressures nsar the trailing sdge of this
surface become mors negative. The pressure coefficients
on the lower surfacs continue to increase in magnitude
gradually. (See fig. L(d) to fig. L(f).) The changes
in the pressures on the upper surface, which are assoclated
with the nresence af supersonic veloclties and separation
on this surface, result in the reductions of the wing
normal-force coefficients, the increases in the negative
wing pitching-moment coefficlents, and the large increases

r-»—
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in the wing drag coefficients shown in figures 8, 15,

and 17, respectively. When the Mach number is increased
beyond approximately 0.853 at angles of attack from 0°

to hP the critical Mach number for the lower surface is
exceeded. The pressures near the leading edge of thse
lower surface then become more pogitive and the pressures
near the trailing edge become more negative. The pressurs
coefficlents on the upper surface c¢Bntinue to change in
the same manner as at lower Mach number (fig. lL(f) and
fig. L(g)). As a result of the changes on the lower sur-
face, the wing pitching-moment coefficients become much

" more positive. fihen the Mach numbé® is increased beyond
a value of approximately 0.907, a large increase in the
negative pressure coefficients on the rear part of the
upper surface occurs. The mean negative pressure coeffi-
clent on the lower surface decreases at the same time -
(fig. L(n)). Because of these changes the Wing normal-
force coefficients increase (fig. 7) and the pltching-
moment coefflclents become more negatlive (fig. 15).

A comparison of figures l and 5 indicates that at a
given Mach number the chordwlse pressure distributions
measured at the 95-percent-semispan station differ con-
siderably from those measured at the 30-pertent station
which 1s typical of the seven inboard statidns. At sub-
critical Mach numbers thcse dlfferénces in the pressure
dlstributions are due to two factors. The primary factor’
13 that the sectlons near the tip aperate at local angles
of attack that are considerably smaller than the local
angles of attack of the inboard sections. A asecondary
factor is that the three-dimensional relieving effects,
described in referencs 13, are stronger near the tip than
at the inboard stations and consequently the pressure coef-
ficients at the outboard statlions for a given local angle
of attack are considerably more positive than at the
Inboard stations. As a result of these large spanwise
variations in the chordwlse pressure distributions the
critlical Mach numbsrs for the 95-percent- semispan statlion
are considerably greater than the critical values for the
inboard stations. For an angle of attack of 09 the
critical Mach number is approximately 0.7L at the
30-percent-semispan station and approximately 0.78 at the

5-percent-semispan station. For #Hn angle of attack of
z the critical Mach number 1is approximately 0.58 at the
50-perceont-semlspan station and approxlmately 0.65 at the
95-percent-semispan station.

!
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Because of the iLigher critical Mach numberg at the
95-percent-semispan station, the changes in the pressure
distributlions and sectlon characteristics produced by the
onset of shock occur at higher stream Mach numbers at this
station than at the inboard station. The Mach number at
which the normal-force coefficient for a given angle of
attack starts to decrease is, however, approximately the
same for both the 95- and %0-percent-semispan stations
(fig. 13). This fact 1is at least partly due to the reduc-
tions of the local angles of attack at the outboard sta-
tions that result from changes in the induced velocities
assoclated with the reductions of the normal-force coef-
ficients at the inboard stations. A comparison of the
pressure recoverles at the trailing edges of the
30- and 95-percent-semispan station (fig. l(g) and
fig. 5(c)) indicates that when the Mach number is increased
to high supercritical values the lncrease in separation
at the outboard stations is less severe than at the
inboard stations. as a result, at these Mach numbers,
the reductions in the normsal-force coefficients are less
pronounced at the outboard stations than &t the inboard
stations (fig. 13). Since these variations are limited
to the tip of the wing they have little effect on the
over-all characteristics of a wing with an aspect ratio
aimilar to that of the wing tested.

wake Widths

Figure 20 indilcates that for all angles of attack
the wake width at & station near the probable tail loca-
tion increases rapidly when the Mach number is increased
beyond the critical value. For an angle of attack of 2°
at a Mach number of 0.890, the wake extends to a point
0.35 chord above the wing chord line extended. The wake
extension 1s not beyond the region of tail locations used
on present-day airplanes. For the higher angles of attack
used to recover from high-speed dives, the walkes extend
approximately a chord above the wing chox»d line, 1In order
to reduce the probabillty of tail buffeting and severe
losses in tall effectiveness, the tail snould be placed
above the wake. '

A comparison of the results of figure 21 with those
in figure 20 indicates that the wake widths behind the
wing spreads rapidly at supercritical Mach numbers. At
an angle of attack of 7° at a position 1.,,0-root chords
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behind the 25-percent-chord line, the wake width is equsal
to amhroz*nauelv 0.50 chord for a Mach aumber of 0.853.
For the sanmn angle of atbtack and Mach number, but at a
station 2.2 root chords behind the qR-perccnt -chord lino,
the weke wicth is equel to approximately 0.75 chord. The
alvergence ©f the edges of tne wake is about 109 for thils
condition. At a Mach number of O. 39( the dfvergences 1is
gbout 12°; et 0.760 it 1s only 3°. = =

CONCLOSIONS ™ -

The resu’ 8 of tle tests nf a - taperad win& with an
sapect racio q ' 9,0, sn NACA 65 PlJ‘a*rf011 ssction, and
undeflected al Leroqs indiceted the fo]low;ng concluifcns s

1. Serlou~ changes occurred in the anglss of zero
11f% and the siicpes. of tho normal-force sur¥ea when the
Mach number was increassd above 0.7l at angles cf asttack
betwoen 4¢ and »0° anc above 0.BC gt CO angle of atsack.

. Ontboar’'d salfts occurrwd im itrs laterar cenvers
of load ah anzgles oy stsack of 29, L0, 79, Bni 1C° wien
the Maca mmber wei ireceased rram 0.77 $0°C.90. Tao
outhoara shilfta prvduced.upproxxma%e Yy a b parcent
increass ir the behdirg moment at the root wecvlon vor
conditlona covrrespondicn; to a 3g ku11—out d% an sltitade
of 35,020 feet.

*. When the 7a-k number wasa ncv asea beyond J.b3%,
negutive pltenin: -m ment ccefficiardss for Ghe high nnzles
of attack ﬂncree-ud vhersas thore fq‘ the low :ngles of
attack decreasec w'th e recultirg iqc”eaae in the nuvatifa
slope of the piirhlnb -moment cuvve. :

. . large incrc<eso occurred in the valuer cf whe
drag coscfriclentise for ths _EDPIUS imate 117¢% coa;rioients
needed to wain:ain level Fligh. st nn alt Tude ~f E
25,000 fset whern the kKach rnuanbor waa increase peyond &
value of 0.80, e

R, T™he wukes at & statlon 2.82 rouot chords tehl'nd

the wing guooher-chored lin? ext: vch ppﬂurlmabnly a "hurd;
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above the wing chord line for the angles of attack required
to recover from high-speed dives at high Mach numbers.,

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Fisld, Va.



NACA RM No. LGHZ28a

REFERENCES

Tuoma, Arvo A.: An Investigation of a High Aspect-
Ratio Wing Having 0.20-Chord Plaln Allerons in the
Langley 8-Foot High-Speed Tunnel. NACA R¥ No.
I6H284, 19486. -

Mattson, Axel T. Investigation of Dlve Brakes and
Dive-Recover Flap on a High-4dspect-Rdtio Wing in
the Langley 8-Foot High-Speed Tunnel.  NACA RM
No. LéHz28c, 1946.

Ferrl, Antonio: Preliminary Investigdtian of Downwash
Fluctuations of a High-Aspect-Ratio Wing in
Langley 8-Foot High-Spesad Tunnel. NACA RM
No. IﬁH2Sb, 1946.

Byrne, Robert W.: Experimental Constriction Effects
in High-Speed Wind Tunnels. NACA ACR _No. L1074,

194,

Glauert, H.: Wind Tunnel Interference on Wings, Bodles
and Alrscrews. R. & M. No. 1566, British A.R.C.,

1933.

Thom, A.: Blockage Corrections and Choking in the
R.A.E. High 3peed Tunnel. RE&p. No. Aero 1891,
British R.A.E., Nov. 1943, '

Goldstein, S., and Young, A. D.: The Linear Pertur-
bation Theory of Compressible Flow, with Applica-
tions to Wind-Tunnel Interference 6865, Ae. 2262,
F.M. 601, British A.R.C., July 6, 1943.

Allen, H. Julian, and Vincenbi Walter G. Wall
Interference in a Two- Dimen51ona1 Flow Wind Tunnel
with Consideration of the Effect of Compressibility.
NACA ARR No. LXK03, 19Lh.

Underwood, William J., Braslow, Albert L., and Cshill,
Jones F.: Two- Dimensional Wlnd-Tunnel Investliga-
tion of 0.20-Alrfoil-Chord Plain Allerons of
Different Contour on an NACA 6571-210 Airfoil Sec-
tion. NACA ACR No. L5F27, 1945,

g



NACA RM No. LGHZSa d 25

10. Abbott, Ira H., von Doenhoff, Albert E., and Stivers,
Iouis 3., Jr.:; Summary of Airfoil Data. NACA ACR
No. I5C05, 19L5.

11, Perri, Antonio: Completed Tabulation in the United
tates of Tests of 2l Airfoils at High Mach Numbers
(Derived from Interrupted Work at Guidonia, Italy,
in the 1.31- by 1.7L-Foot High-Speed Tunnel).
NACA ACR No. L5E21, 1945.

12. Baals, Donald D.,and Mourhess, Mary J.: Numerical
Evaluation of the Wake-Survey Equations for Sub-
gsonic Flow Including the Effect of Energy Addi-
tion. NACA ARR No. L5H27, 1945.

1%, Stack, John, and Lindsey, W. F.: Characteristics of
Low-Aspect-Ratio Wings at 3Supercritical Mach
Numbers. NACA ACR No. L5J16, 1945.

1ly. Anon.: Spanwise Air-Iosd Distribution. ANC-1(1),
Army-Navy-Commerce Committee on Aircraft Require-
ments. U.S. Govt. Printing Office, April 1938.

15. Jones, Robert T.: ¥Wing Plan Forms for Highs8PeGd.
Flight. NACA TN No. 1033, 1946,

16. Mathews, Charles W., and Thompson, Jim Rogers: Com-
parative Drag Measurements at Transonic Speeds of
Rectangular and Swept-Back NACA 657-009 Airfoils
Mounted on a Freely Falling Body. NACA ACR
No. L5G30, 19L5.

17. Ludwieg, H.: Versuchsergebnisse. Pfeilflugel bei
hohen Geschwindigkeiten. Bericht 127 der
ILilienthal-Gesellschaft, 1940, pp. Ll-52.



26

cﬁﬁﬁﬁﬂ.mwmuwxw%a

TABLE I

DIMENSIONS OF WING-~TIP SHAPE IN INCHES

{see r1g. 2]

Plan-form contour

Distance from
tip, - It

Distance forward of
zt-percent- chord

Distance rearward
of 25-percent-

line, Xgp chord line, Xy

0 ~0.360 0.360
.026 .0L1 N .96
.053 , .176 o 1.16
.079 268 - f-l.ao7
.10 27 1.13
.153 56 1.565
.236 529 1.510
1 .565 - 1. lg

75 623 o 1.86

Section contour

Distance from

Lower-gurface

Uprer-surface -

tip, ¢ ordinate, 27, ordinate, 2z
0.026 0.024 _ 0.076
.053% ol b .09%
079 .052 L= .105
.105 .061 _ .113
.158 og% ; .126
R .C .la
i 1 .09y J47
.098 151

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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. TABLE IT

ORDINATES FOR NACA 65-210 ATRFOIL

[?tations and ordinates in percent of wing chord.]

Upper surface ILower surface
Station Ordinate Station Ordinate
0 0 0 0
1435 819 .565 -.719
.678 9995 022 -.059
1 169 1.273 1.331 -1.059
08 1.757 2.592 -1.385
h 98 2.91 5.102 -1.859
7 .39 3.069 7.606 -2.221
9.89L .55 10.106 -2.521
1L .8%9 3.53 15.101 ~2.992
23 .909 L.538 20.091 -3.3,6
921 5.397 25. 3 -3.60
22 .93%6 5.73§ . -3.78
3L.951 5.954 Zs-olm -3.894
29.968 6.067 0.0%2 -%.925
Li 58l 6.058 5.016 -%.868
50.000 5.915 .ooo -3.709
gey | i % 2| G
60 . . -9
65.036 2.712 63 -2.652
70.043 L.128 ﬁ 957 -2.184
75-0L5 5-1@9 -1.689
80.0L), 2.78% -1.191
85.023 2.057 8 962 -.711
90.0 1.327 -.293%
95.01l NEY) a 9%6 .010
100.000 0 100.000 0
L.E. radius; 0.687. Slope of radius
through end of chord: 0.08l4

NATTIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

e
e
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VN IDEI RS
TABI.E III

NACA RM No.

LeH28a

ORDINATES FOR CRO3S SECTION OF SUPPORT PLATE

Stetion Ordinate
Distance from Distance from
leading edge chord line

(in.) (in.)
0 0
.05 .02
12 038 _
.25 L05L .
32 .060
62 .085
1.2 11
1.8 .1%2
2.50 . 165
3.12 .187
3.75 .200 °
5.00 227
6.25 .250
7.50 .269
10.00 301
12,50 .32?
15.00 Al
17.50 .528
20.00 « 307
22.50 373
25.00 375
27.50 33
50.00 .3 g
32,50 .5?
« Soplt
325
.301
.269
.250
227
.200
. 187
.1§?
J1L]
.119
085~
.oéﬁﬁ
005
.038
.025
- 0
L.E. radius: 0.005

NATIONAL ADVISORY

' COMMITTEE FOR AERONAUTICS
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(a) Front view.

Figure l.- High-aspect-ratio wing mounted on vertical
support plate in Langley 8-foot high-speed tunnel.
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(b) Three-quarter view oflright half of wing.

Figure 1l.- Continued.
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(c) Right halrf of wing angqg wake-gurvey rake.
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Figure 1.- Concluded,
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: 1ift angles and normal-force-curve slope during Mach variation and different |
angles of attack are reviewed. Outboard shift in iateral centers of load were l
"established to produce increase of approximately 5% in bending moment at

s wing root. Negative-pitch-moment-coefficient fluctuation, drag coefficient,
and wake dimensions are analyzed.
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